Passive acoustic recordings offer the unique opportunity of year-round observation of marine mammals in the Antarctic Ocean by utilizing their vocalisations. Long-term recordings allow studying the acoustic repertoire of whales and seals continuously in an environment almost undisturbed by humans. It can be used to register species specific vocalizations, infer the approximate number of animals inside the measuring range, calculate their movements and examine possible effects of noise produced by ice activities and the sporadic shipping traffic on the acoustic and locomotive behaviour of marine mammals. To determine the contingent impact of anthropogenic noise on marine mammals (Committee on Potential Impacts of Ambient Noise in the Ocean on Marine Mammals, 2003), estimates of whale abundances resolved at regional, monthly and species levels are needed for accurate pre-cruise impact scenarios. Where appropriate, such scenarios may then be used to adjust cruises to minimally interfere with whales and their respective use of habitats. Long-term acoustic recordings from the Antarctic Ocean were obtained by moored recording packages along the Pacific coast of the Antarctic Peninsula (Sirovic, et al., 2004). Limited storage capacity allowed detection of low-frequency mysticetes calls only, while vocalisations from odontocetes and pinnipeds lied outside the recorded spectral range. Similar data is unavailable for the Weddell Sea, where the Alfred Wegener Institute's (AWI) Neumayer Station is located (Fig. 1) . To obtain acoustic data from this remote region -even during winter when a coastal polynia prevails -an autonomous listening station, PALAOA (PerenniAL Acoustic Observatory in the Antarctic Ocean, or Hawaiian "whale"), was envisioned. PALAOA's design was guided by demanding prerequisites: perennial, 365/24, autonomous operation, real-time data access, and full frequency and dynamic coverage of the expected acoustical signals. After a one year long design and test phase, PALAOA was constructed during ANT-LAND 05/06 on the Ekström Ice Shelf at 70°31'S 8°13'W, about 15 km north of the Neumayer Station to monitor the oceanic soundscape in real time over several years.
Background
Passive acoustic recordings offer the unique opportunity of year-round observation of marine mammals in the Antarctic Ocean by utilizing their vocalisations. Long-term recordings allow studying the acoustic repertoire of whales and seals continuously in an environment almost undisturbed by humans. It can be used to register species specific vocalizations, infer the approximate number of animals inside the measuring range, calculate their movements and examine possible effects of noise produced by ice activities and the sporadic shipping traffic on the acoustic and locomotive behaviour of marine mammals. To determine the contingent impact of anthropogenic noise on marine mammals (Committee on Potential Impacts of Ambient Noise in the Ocean on Marine Mammals, 2003) , estimates of whale abundances resolved at regional, monthly and species levels are needed for accurate pre-cruise impact scenarios. Where appropriate, such scenarios may then be used to adjust cruises to minimally interfere with whales and their respective use of habitats. Long-term acoustic recordings from the Antarctic Ocean were obtained by moored recording packages along the Pacific coast of the Antarctic Peninsula (Sirovic, et al., 2004) . Limited storage capacity allowed detection of low-frequency mysticetes calls only, while vocalisations from odontocetes and pinnipeds lied outside the recorded spectral range. Similar data is unavailable for the Weddell Sea, where the Alfred Wegener Institute's (AWI) Neumayer Station is located (Fig. 1) . To obtain acoustic data from this remote region -even during winter when a coastal polynia prevails -an autonomous listening station, PALAOA (PerenniAL Acoustic Observatory in the Antarctic Ocean, or Hawaiian "whale"), was envisioned. PALAOA's design was guided by demanding prerequisites: perennial, 365/24, autonomous operation, real-time data access, and full frequency and dynamic coverage of the expected acoustical signals. After a one year long design and test phase, PALAOA was constructed during ANT-LAND 05/06 on the Ekström Ice Shelf at 70°31'S 8°13'W, about 15 km north of the Neumayer Station to monitor the oceanic soundscape in real time over several years.
Our goal is to obtain broadband recordings from the subsonic vocalizations of blue whales (down to 10 Hz) up to the high frequency clicks reported for beaked whales at 20-70 kHz. At the same time, the dynamic range of the system should cover signals at low sea-state to signals of significant amplitude such as ice-berg calving events. Also the localization of the sound sources should be possible with the system. The data, which are largely free of anthropogenic noise, provide also a base to set up passive acoustic mitigation systems used on research vessels. Clean bioacoustic data also represent the basis for the development of automatic pattern recognition procedures in the presence of interfering sounds, e.g. propeller noise.
Station location
Gaining perennial, real-time access to the water of the Antarctic coastal ocean is difficult. Long term hydrophone deployments over the ice shelf edge or through the sea-ice would continuously be threatened by passing icebergs or calving. Bottom moored recorders would not provide real-time access. Consequently, PALAOA had to be located on the ice shelf properly. A position close to the ice edge would ensure reception of high frequency vocalizations from marine mammals, particularly from whales migrating within the coastal polynia. However, to permit a multiyear operation, a sufficient distance from the edge had to be observed, as the ice shelf locally advances and breaks off about 100-150 m each year. The present distance to the ice shelf edge to the north-northeast is approximately 3 km, to Atka Bay and the inlet to the east about 1.5 km, and to the edge to the northwest about 2 km. As these distances will decrease with time, PALAOA will progressively advance closer to the edge, with improving acoustic conditions. An initial analysis based on airborne radio-echo sounding data from previous field surveys suggested an ice thickness between 80 m and 200 m for the ice shelf north of Neumayer Station. Satellite interferometric imagery suggested that the northernmost protrusion of the ice shelf exhibits little shear, a prerequisite for long term stability. After a seismic survey of the area (see below) PALAOA was finally located at 70°31'S 8°13'W, close to the shelf edge of the Ekström Ice Shelf, about 15 km north of the Neumayer Station, allowing access for maintenance year round. 
Energy supply and network connection
The equipment of the observatory is housed inside a 10 feet isolated container (Fig. 2) which is assembled on a sledge for easy relocation. PALAOA is energetically self sufficient, consuming about 53 W of power. Energy is provided by 8 solar panels (400 W total peak power) mounted at the northern container wall, by a Savonius wind generator (180 W peak) attached to a 6 m high pylon on the roof of the container and by a methanol fuel cell (50 W), which is working on demand only during extended periods of darkness and calm. Depending on energy availability, solar and wind power are used to charge six battery packs of four 12 V gel batteries (130Ah) each. The battery packs provide a continuous 24 V power supply for the station. One of these battery packs is, in turn, separated from the remaining packs, to provide galvanically isolated power to the acoustic system (pre-amplifiers and sound device), which is located in a shielded cabinet to minimize electric interference from the digital and power supply systems.
A small PLC (Barix Barionet), providing 27 relays along with analogue and digital inputs is used to control this process and switch devices on and off depending on the energy level and experimental demand. It also monitors operating data and temperatures inside and outside the 2 km ATKA BAY station. It can easily be monitored and controlled remotely via a web-based Ethernet port. PALAOA is connected to Neumayer Station by a wireless network link. Beam antennas and signal boosters on both sides allow transfer rates up to 3 Mbit, depending on weather conditions. 8 Ethernet ports inside the station allow connecting the scientific instrumentation. An IRIDIUM satellite phone with built in GPS allows to locate and to contact the station even in the eventual case of loss due to calving of the ice shelf.
This autonomous station module was developed and constructed jointly by AWI and FIELAX GmbH, Bremerhaven. 
Data collection
The acoustic recording system covers the subsonic to ultrasound frequency range, capable of recording both blue whales calls at 10 Hz and high frequency beaked whale clicks at 20-70 kHz. The dynamic range of the system covers signals as low as sea-state zero to signals of significant amplitude such as ice-berg calving events. The sources of acoustic emissions are locatable from time of arrival differences of the signal at the four sites. The array of calibrated hydrophones is arranged as an oblate tetrahedron of approximately 500 m side length. A passive hydrophone in the centre allows for both reception and emission of sound while three pre-amplified hydrophones on the triangle's edges provide highest sensitivity. After amplification and band pass filtering the signals are digitized at 24 bit resolution, sampled at up to 192 kHz and recorded by an embedded PC via optical links. Data is compressed to FLAC (fee lossless audio codec) format, buffered locally and continuously transferred to Neumayer Station via the WLAN link. GPS timing signals allow synchronization with remote recordings. An OGG-Vorbis compressed, mono audio stream is transmitted at 24 kBit in near real-time to the Alfred Wegener Institute in Bremerhaven, Germany, via the Neumayer Station's Intelsat connection and will eventually be accessible to the public at http://www.awi.de/acoustics. FTP downloads of selected snippets of high quality multi-channel allow immediate, comprehensive analysis, while the complete record is transferred to the AWI by tape. Oceanographic data (pressure, salinity, temperature) are collected half-hourly by a Microcat SeaBird CTD on the central mooring. Weather conditions are obtained through the meteorological observatory at Neumayer Station, while operating data of PALAOA are recorded once a minute and webcam pictures of Atka Bay are taken every 10 minutes to monitor sea ice conditions.
Expected and first results
On 23 December 2005 at 14:00 GMT, first sound was recorded by the central hydrophone. Occasional calving and crack formation generate by far the loudest signals (Dyer, 1987) . Known noises from sea-ice are rarely observed (Farmer, 1987) , whereas two hitherto unreported signals, characterized by a sequence of overlapping down-and upsweeps, feature prominently. One type covers the 1 and 8 kHz frequency range, the other is found below 1 kHz (Fig. 3) . These signals are possibly emitted by sea-ice, as their occurrence drastically reduced since early February, concurrent with vanishing sea-ice coverage. Further, vocalizations of leopard and possibly crabeater seals, Weddell seals, and orcas were recorded. . Beyond the goal of obtaining seasonal abundance data for marine mammals, PALAOA aims at determining the long-term noise budget for a pristine location as well as identifying and quantifying the various acoustic sources in coastal waters. Apart from the abovementioned marine mammal vocalizations and ice induced sounds, seismic activity and the occasional ship are likely to be recorded. The signals' seasonality, diurnal patterns, locations and correlations with weather and tidal data will be used to explain their respective origin. To process the large amount of incoming data, automated pattern recognition software systems will be developed, analysing the acoustic data stream to obtain a condensed data set, directly suitable for interpretation in biological and climatologic contexts.
Glaciology and bathymetry
A first analysis of the region's glaciological situation was based on airborne radio-echo sounding data from previous field surveys by the AWI's department of glaciology. Satellite interferometric imagery shows that the northernmost protrusion of the ice shelf, north of Neumayer Station, exhibits the least amount of shear with an ice thickness of about 80 m at the ice edge, rising up to 200 m within the first 5 km to the south.
More detailed ice shelf thickness and sea floor bathymetry under the ice was obtained by means of a local reflection seismic survey prior to the final positioning of the acoustic station.
A small seismic source, SISSY (Seismic Impulse Source SYstem), uses electrically triggered ammunition to generate a pressure pulse of approximately 1800 hPa (Buness et al., 2000) by explosion in a small pipe of 5 cm in diameter. With the shot being fired in a closed system, no packing material from the ammunition is left in the firn. Seismic recordings were obtained by a geophone chain of 24 geophones at a spacing of 10 m. Best results were obtained by placing the shot point one line length away from the middle of the geophone chain. Due to the duration of the pulse, the ice proved too thin for a "normal" spread arrangement, with a shot point close by, while the source has insufficient power to allow for larger shot point separations. Assuming an in-ice p-wave sound speed of 3770 ms -1 (Kohnen, 1974) and 1440 ms -1 for sound propagation in sea water, a first estimate of the thicknesses of the shelf ice and underlying water column were obtained for the proposed drill sites. Ice thickness varied in the area of investigation between 105 m and 120 m and the water column thickness under the shelf ice between 150 m to 170 m.
The survey was conducted between 5 and 18 December 2005 and on 3 February 2006.
Because of a spell of bad weather only 5 days could be used to work in the field in the December period. Altogether 45 shots were fired as the location of the geophone chain was changed 10-times.
Retrospective comparison of these results with those form the hot water drilling (length of central hole: 97.3 m), showed the ice to be approximately 10 m thinner than predicted (ice thickness estimate from seismic study: 108 m). This mismatch might have been caused by neglecting the lower velocity of the seismic wave in firn. To match the actual ice thickness with the seismic wave travel times, an rms velocity of 3550 m s -1 within the ice shelf has to be assumed. Under this assumption, the water column below the ice is about 160 m deep, at all four drilling sites.
Hot water drilling Background
Sub-ice shelf deployments of oceanographic instrumentation require an enormous logistic back-up to drill boreholes through the ice. The sophisticated drilling technique described here used hot water to penetrate the 100 m thick ice shelf north of Neumayer Station for lowering PALAOA hydrophones and measuring devices (CTD) through boreholes into the ocean under the ice shelf. The hot water drilling system was designed by the Alfred Wegener Institute and first used in January 1993 .
Field performance
The drilling programme was conducted on the Eckströmisen near Atka Bay between 5 December 2005 and 10 January 2006. Figure 4 shows the major components of the drilling equipment which was mounted on a 20 ft container-sledge next to the fuel supplies. The equipment consisted of six modified hot water high-pressure washers (Wap, 125 kW), a winchdrum to lower and heave a pressure hose with the attached splash lance over a 5 m inclinable mast, and a winch-monitor to control the cumulative hose/lance weight, the drilling speed and the nozzle depth. A flexible 5 m 3 basin on a sledge was used for melting snow, from where six immersion pumps supplied the WAPs with water. The WAPs' outputs were connected in parallel to a high pressure valve, which distributed the hot water between the drill lance and the melt basin. Water from an additional reservoir in an ice cavern at about 30 m depth below the ice surface was fed to the melt basin by a seventh immersion pump. This reservoir helped to minimize energy demands for melting snow, allows using more hot water for drilling proper. The total fuel consumption of about 9.000 l used during the five week drilling campaign is detailed in Table 1 . The technique and set-up of the equipment has been described in detail by Nixdorf et al. (1994a, b) and (1997). Four other 20 ft sledges carried a 90 kVA generator and fuel barrels, a container for equipment, a platform for supplies and materials, and a 15.000 l tank container. Two Kässbohrer Pistenbullies with hydraulic crane and bucket, respectively, assisted for transportation and machine support. A team of four people operated the drilling for about eight to ten hours per day including time for transportation between Neumayer Station and the drill site.
Boreholes were lowered through the ice by injecting hot water (90°C) at flow rates of up to 80 l min -1 and up to 100 bar through the nozzles of the splash lances. Depending on the melting rate, the lances were lowered into the ice at speeds of between 10 and 40 m h -1 . Lances of 60, 120, and 300 mm diameter were used successively to melt and widen the duct of the holes. Maximum widening allowed for lowering instrumentation at least similar to the diameter of the widest lance.
At each of the four drilling sites two parallel holes (approx. 1 m apart) were melted into the ice. The first hole was drilled to a depth of 30 m where a cavity of about 11 m 3 was melted into the firn by operating the 120 mm splash lance for 3 hours at 60 l min -1 flow rate and 40 bar pressure. The additional water reservoir generated in this cavity was necessary to establish a water recirculation system. Thereafter the second (main) hole was drilled leading through the cavity into the ocean. As soon as the nozzle penetrated the ice shelf at a depth of about 100 m (Table 2) , sea water rapidly rose into the cavity providing an unlimited amount of water for further widening the borehole. Lowering of the instrumentation was achieved by a separate winch driving the cable via the inclinable mast exactly into the borehole. For lowering the relatively lightweight hydrophones and the CTD for the central borehole, 20 kg drop-weights were attached to the hydrophones and CTD by means of corrosion links.
Preliminary Results
Setting-up the drilling equipment required ten days after it has been unloaded from RV Polarstern. Four days each were necessary for preparing a drilling site, filling a cavity with water, penetrating the ice with splash lances, and deploying the hydrophones and CTD. The equipment was dismantled and stored in a container within seven days. The four penetrations were achieved on 21, 27 and 30 December and 3 January. Drilling sites were aligned in triangle with a central hole (70°31'19,92''S, 8°13'43,68''W) at distances of 500 m as given in Figure 2 . Details about hydrographic parameters and deployment depths at the four drilling sites are given in Table 2 . During the drilling procedure, lowering rates and cumulative weight of hose and lance had to be controlled carefully. To guarantee the holes exact vertical orientation, the splash lance had to hang freely inside the borehole, straightened by gravity forces only. This way an eventual veering at the bottom of the borehole when touching ice could be prevented. Figure 5 provides weight profiles derived from the westerly borehole as an example. The 60 mm splash lance (29 kg plus hose weight) was first lowered at 40 m h -1
, 60 l min -1 flow rate at 50 bar until it reached the cavity depth 30 m below the ice-surface. The rate of weight increase was slightly reduced between 15 and 30 m when water partially filled the duct of the hole leading to a virtual weight reduction of the immerged lance. The cumulative weights of both lances and hose remained almost stable during the melting process (36.19 ± 3.98 kg and 76.76 ± 4.39 kg; mean ± SD) (the hose apparently has little weight in water). The break-through was therefore clearly detectable at almost 100 m depth by a precipitous drop of weight caused by salt water intrusion from the ocean into the borehole (Fig. 5) .
Cumulative weight of lance and hose [kg] . Weight profiles during lowering of splash lance of two diameters and hose for melting the cavern (hollow triangles) and up to the break through at 95 m depth of the westerly drilling site (solid circles). Boreholes were lowered through the solid shelf ice by injecting hot water at flow rates of 60 l min -1 for the cavern at 50 (60 mm lance) and 40 bar (120 mm lance). Flow rates to penetrate until the break through occurred were 70 l min -1 (60 mm lance) and 80 l min -1 (120 mm lance) at 60 and 50 bar respectively. Lowering rates were constantly either 35 m h -1 (cavern 120 mm lance) or 40 m h -1 (all other drilling until break through). Inflection points of the profiles represent alternating water levels inside the duct of the hole during the drilling progress.
